Culverts are essential elements of a highway system. Currently, many hydraulic engineers are facing problems of sand-blockage inside culverts along coastal highways. To establish design criteria and a maintenance policy for Hawaii coastal highways, a research program is being carried out at the Department of Civil and Environmental Engineering, University of Hawaii at Manoa, USA. In establishing the design criteria for coastal culverts, we use overland flow theory to consider the design storm, drainage area, detention basin and culvert size as a system. A computational scheme is thus created. For predicting whether a sand-blocked culvert that may be opened by floodwater or it may need manual cleaning, we built hydraulic models for two existing culverts on the Island of Oahu, Hawaii in our Fluid Mechanics Laboratory. The preliminary results of our computer model and hydraulic model are very encouraging.
Introduction
Coastal highway flooding or "overtopping" by surface runoff is the concern. Mitigation measures considered herein are two-fold. The first management measure to minimize overtopping is attributed to the routine maintenance of a culvert, where the culvert is maintained free of debris to facilitate unimpeded surface runoff through a culvert. The second management measure is to assess the adequate nature of the existing culvert and detention pond combination as the drainage area and design storm changes. It is important to recognize that maintaining an open or clear culvert does not necessarily ensure adequate drainage from surface runoff that may occur. In addition to maintaining an open culvert, minimizing overtopping by surface runoff over a roadway is also managed by a combination of culvert size and storage capacity of a detention pond. Various combinations of the culvert size and the storage capacity of the detention pond may be appropriate to facilitate proper drainage of surface runoff. To minimize overtopping of roadways for a given design storm, (a) the ability to keep drainage culverts clear of debris and/or sand blockage; and (b) having an adequate combination of culvert size and detention pond storage capacity for a specific drainage basin, are two key criteria for long-term management. In order to establish the management criteria, two tasks are undertaken. The first task is to create a flood routing based computational scheme. This simulation model considers the design storm, drainage area, detention pond, and culvert size as a system. For predicting whether a sand-blocked culvert may be opened by floodwater or it may require manual cleaning, the second task is to build hydraulic models for existing culverts on Windward Oahu, Hawaii in the Fluid Mechanics Laboratory at the University of Hawaii at Manoa. Therefore, physical phenomena may be observed from these models.
The simulation model
The computer simulation model developed in this study is a flood routing based computational scheme, which considers design storm, drainage area, detention pond and culvert size as an interactive system. As indicated in fig. 1 , for the drainage area, a direct runoff hydrograph may be synthesized for a given design storm. This synthesized direct runoff hydrograph from the defined drainage area is actually the inflow hydrograph to the detention pond. The dynamic routing of the inflow hydrograph through the detention pond and culvert system will result in an outflow hydrograph. This routing process is carried off by using PondPack [1] .
Design storm
In accordance with Hawaii Department of Transportation's Design Criteria for Highway Drainage [2] , this study uses an one-hour 50-year rainstorms or sixhour 50-year rainstorms for drainage areas less than 200 acres and drainage areas equal to or greater than 200 acres, respectively.
Synthesizing direct runoff hydrograph
Direct runoff from a drainage basin may be simulated by the Nash-Muskingum method if one assumes that inflow to the basin is a known design storm; and the drainage basin storage may be represented by one or more reservoir type storage. The Nash-Muskingum method is used to compute direct runoff of the drainage basin given the area, rainfall intensity for a 50-year recurrence interval, and the recession constant. The direct runoff hydrograph from the drainage basin is the inflow hydrograph to the detention pond. The outflow hydrograph of the drainage basin is calculated by the following relationship:
Where O 2 , O 1 are the outflow rates; I 2 , I 1 are the inflow rates for time intervals 2 and 1 respectively; and C 0 , C 1 , and C 2 are:
The Muskingum coefficient, K, is considered as a function of recession constant, K 1 , of a watershed [3] .
Inflow hydrograph rationale and assumptions
The inflow hydrograph used in the generalized simulation model is actually the time-dependent outflow from the drainage basin for a given design storm. For drainage areas less than 200 acres, the 50-year 1-hour design storm is used. Conceptual simulation model.
Detention pond rationale and assumptions
Three different conceptual detention ponds were considered in this study ( fig. 2 ). An average slope of 1%, 2% or 3% of a detention basin was used to estimate the storage capacity prior to flood routing process through a culvert. As indicated in 
Punaluu and Hauula culverts
The Punaluu and Hauula drainage areas on the windward of Oahu, Hawaii were selected for the study by using GIS software [4] and topological maps [5] . respectively. Hydraulic models of the Punaluu circular culvert and Hauula box culvert were fabricated in the Fluid Mechanics laboratory of the University of Hawaii at Manoa. The purpose of the model study is to observe the time for a culvert to self-open under various completely sand blocked conditions. The scaled models were blocked with beach sand, and experiments were conducted to evaluate the time the culvert would open as a function of water depths.
Laboratory culvert model and dynamic similitude
The model scale was calculated using the concept of dynamic similitude for open channel flow. Dynamic similitude will provide a relationship between the laboratory results and actual conditions expected in the field. For free surface flow the parameter in dynamic similitude between the model and prototype is the Froude Number, Fr. By definition:
where V is the velocity; g is the gravitational constant; and y is the depth of the flow. Therefore, for free surface flow models, the dynamic similitude between the model and the prototype is:
where V m and V p are model velocity and prototype velocity, respectively; and y m and y p are the flow depths in the model and prototype. 
Description of Laboratory Experiment
The culverts were "packed" with beach sand to simulate complete blockages. The sand was placed in the model culvert with various compaction efforts. A constant volume of sand was placed in the model culvert for all experimental trails. The slope of the culverts was placed at 0 % for both the 9-inch by 12-inch model box culvert ( fig. 4 ) and 6-in model circular culvert. The sand was placed in the middle of the model culvert barrel, simulating actual conditions along the coast of Windward Oahu, Hawaii. 
Results and discussions
A block diagram of model runs is summarized in fig. 5 . This figure indicates that a total of 12 series of model runs were performed. Forty different sizes of box culverts and fifteen different sizes of circular pipe culverts were modeled for each of the three different conceptual detention ponds of 1%, 2% or 3% slopes ranged from instantaneous to 4 minutes and 5 seconds. As an example, consider the Hauula 6-ft by 8-ft box culvert described in Section 3. The storage capacity of its existing detention pond is 0.053 ac-ft and its inflow produced drainage area is 162.7 acres. The same size box culvert, with a drainage basin of 175 acres, and a 3% slope detention pond is summarized in By means of eqn. 6, the model time is converted to prototype time of 24 minutes and 18 seconds. This result implies that if the 6-ft by 8-ft box culvert at Hauula is completely blocked by sand, it will self-open before the detention pond is overflowed, provided the minimum storage capacity of the pond is 2.764 ac-ft. However, the existing storage capacity at the Hauula culvert system is 0.053 ac-ft, therefore, under the 1-hour 50-year design storm, the highway will be overtopped. Furthermore, the peak discharge and its surface elevation for the 
Conclusions
A generalized simulation model has been demonstrated in establishing the management criteria for clearing and maintenance of culverts along the coastal highway throughout Windward Oahu, Hawaii. Results obtained from this study provide a screening tool in which decision makers are able to identify the frequency of culvert clearing, or to identify the need to study existing drainage culverts or detention ponds to minimize overtopping of the roadway for a given drainage area. The screening of an existing culvert and detention pond is intended to provide a qualitative measure for a drainage culvert. The generalized simulation model presented herein, do not reflect or simulate actual conditions of any particular drainage basin.
